A novel silica index-guiding holey fibre (IGHF) design is proposed utilizing a new defect structure that is composed of a three-layered defect with a central air hole germanosilicate ring and silica clad, based on a hollow optical fibre (HOF). Effects of these parameters on birefringence were numerically analysed using the plane wave expansion method. The proposed IGHF showed unique modal properties such as uniform birefringence and differential group delay in 1.55 µm optical communication windows that have not been achieved in prior arts.
Introduction
Air-silica structured optical fibres have been intensively investigated in recent years due to their unique and extraordinary optical properties, such as endlessly single-mode operation [1] and anomalous group-velocity dispersion (GVD) in the visible region [2, 3] , along with new degrees of freedom for fibre design such as the period of air holes and the hole sizes. In most air-silica fibres, the wave guidance has been achieved by total internal reflection in an effective step index structure, where the index near the central part is raised by silica defects keeping the effective index in the cladding low with air holes. Another attractive characteristic of the indexguiding holey fibres (IGHFs) is the possibility of producing high and linear birefringence by changing the ratio of two different air hole diameters and the pitch and asymmetric core design [4] [5] [6] [7] [8] .
Recently, a hollow optical fibre (HOF) structure has been proposed by the authors, which is composed of a three-layered structure: the central air hole, high index ring core and silica cladding [9, 10] . Due to large index contrast between a high index ring and central air hole, the HOF with an elliptical ring and air hole [11] has high birefringence with relatively small index contrast between core and cladding. Based on the elliptical hollow optical fibre, we proposed a high and uniform birefringence IGHF for a wide spectral range with elliptical high index rings and air holes [12] . In this paper, we present a circular type of IGHF which is composed of circular high index ring defects along with circular air holes, with the same diameter across the entire cross-section. The lattice structure and refractive index profile of the proposed IGHF in this paper are schematically shown in figures 1(a) and (b), respectively. The defect consists of a germanosilicate index ring surrounding the air hole inside, and it can endow a new degree of freedom in defect engineering for IGHFs by flexibly varying defect parameters such as the hole diameter D, the ring index ( ) and the ring outer diameter W ring , and to control the birefringence and guiding properties.
For the analysis of optical properties such as modal birefringence and polarization mode dispersion as well as the mode intensity profiles in the IGHFs, various numerical tools have been used. For example, a full-vector finite-element method (FEM) with perfect conductor boundary conditions [4, 11] and the plane wave expansion method [12] have been successfully introduced. In this paper, we have implemented the plane wave expansion method to obtain the effective indices and mode intensity profiles of non-degenerated fundamental modes with orthogonal polarizations, HE In recent years, the theoretical investigation of the relative temperature sensitivity of modal birefringence in a conventional elliptic core fibre based on the solution of the vectorial Maxwell equations has been reported [15] . When the thermal stress effect is accounted for, the components of the refractive index can be expressed as the sum of the stressindependent refractive index which is solely a function of the core's geometrical shape and the stress-dependent refractive index difference due to index contrast between background material and doping material. In contrast to the prior PM IGHF, the proposed structure utilizes the large contrast in the refractive index between the ring core and the air hole for generating high birefringence. The refractive index between the germanosilicate ring and silica cladding is relatively small. Therefore, in this numerical analysis, we have assumed that stress anisotropy due to the defect is negligible owing to very close thermo-mechanical properties between the pure silica and lightly doped germanosilicate ring [14] .
Numerical analysis and results
The plane wave expansion method has several numerical parameters influencing calculation accuracy, such as the number of plane waves, the size and shape of the supercell and the tolerance [12] . Since the order of the birefringence for an asymmetric core IGHF is in the small range (10 −4 -10 −7 ), we should reduce the computation error to be below this level. We use the optimized numerical parameters in this paper. The supercell shape is chosen to be a rectangle of 7 × 4 √ 3 , the tolerance 10 −7 and the resolution 256, which corresponds to the number of plane waves of (7 × 4 √ 3 ) × (7 × 256). The error due to the finite number of plane waves in the calculation of the birefringence was less than 5% [12] . Figure 2 shows the supercell shape and size used in our simulation. modes and cladding of the proposed IGHF were calculated as a function of wavelength. Figure 3 shows the modal birefringence of the proposed IGHF for various D/ ratios, with fixed structure parameters, = 2 µm, W ring = 2 µm and = 0.013. In prior HB IGHFs, birefringence was found to increase monochromatically with increasing wavelength [4, 5] . In contrast, we could obtain a uniform birefringence with small variance less than 0.001% over a wide wavelength range of 270 nm in our proposed defect design. Note that the wavelength range from 1.35 to 1.62 µm covers the S-, C-and L-bands for telecommunications and a conventional polarimetric sensor optical window, which makes the proposed fibre of high potential in optical device and sensor applications. As the air hole diameter increases from D/ = 0.4 to 0.75 for fixed pitch size, = 2 µm, the birefringence increases by an order of magnitude, and the cut-off wavelength for singlemode guidance becomes shortened; however, the flatness does not change as shown in figure 3 . The modal birefringence of the proposed IGHF with the circular high index ring and circular air holes has an order of magnitude lower modal birefringence than that of the prior HB IGHF. However, the proposed IGHF has distinguishable characteristics of modal birefringence to provide uniform birefringence over the C-and L-bands, the primary optical communication window, whilst the elliptic ring IGHF [11] had uniform birefringence from 1.15 to 1.42 mm, covering only the O-and E-bands, which has not been found in previous research to the best knowledge of the authors.
For other defect parameters newly introduced in this paper, we analysed the impacts of W ring and on the modal birefringence, whose results are summarized in figure 4 . Birefringence for newly introduced defect parameters W ring and were theoretically calculated, and the results are shown in figures 4(a) and (b), respectively. As W ring and increase, the birefringence also increases. The cut-off wavelength for single-mode operation was also found to be affected by W ring and , and larger W ring and higher resulted in longer cut-off wavelength. From these parametric analysis for defect structure, we could find that the magnitude of birefringence and cut-off wavelength for the single-mode operation are related to W ring and ; however, the uniformity of birefringence is maintained by varying W ring and . For narrower W ring and lower , the birefringence is reduced, however, still uniform. And we confirm that the wavelength range for uniform birefringence is matched to that for the single-mode operation. Note that these parametric studies directly show higher flexibility in birefringence control than the prior PM IGHFs [4, 5] . For all the circular IGHFs investigated in this paper, the wavelength range of uniform birefringence covers the whole C-and L-bands, which will make a clear contrast to the prior elliptical IGHF with uniform birefringence [11] in terms of application windows. Since the birefringence of the circular ring IGHF is uniform over the wavelength of interest, the differential group delay (DGD) of the circular ring IGHF in this region is also uniform by the definition [16] 
where β f (ω) and β s (ω) are the propagation constants of the fast and slow eigenmodes, respectively, at optical frequency ω. Uniform DGD in both C-and L-bands would be of very practical importance in applications of polarization mode dispersion compensation [17] and emulation [18] in a WDM system. In the circular IGHF investigated in this paper, the uniformity of birefringence can be obtained irrespective of the dimension of the central hole. Meanwhile, in the elliptical ring IGHFs [12] , there is a unique relation between the centre hole size, D c , and the hole pitch, , such that D c = 0.2 in order to achieve uniform birefringence. Therefore, the defect structure of the circular ring IGHF is much less restrictive than that of the elliptical ring IGHF. In addition, it is worthwhile to note that a simple structure could inherently impart flexible capability to fabricate the circular ring IGHF. For the elliptical ring IGHF, an asymmetric deformation process is required as well in the fabrication. However, the circular ring IGHF can be readily fabricated by the well-established stack-and-drawing method of the conventional IGHF.
Conclusion
We have demonstrated a novel type of uniform birefringence IGHF introducing a new defect design based on a circular hollow index ring along with a central hole defect. Even though the birefringence of the proposed IGHF is by an order of magnitude lower than that of the prior PM IGHFs, the proposed IGHF has distinguishable characteristics of modal birefringence to provide uniform birefringence and differential group delay over 1.5 µm optical communication windows, which are matched to the single-mode operation range, for the first time to the best knowledge of the authors. High birefringence in prior PM fibres is usually achieved in a relatively narrow spectral range, and broadband uniform birefringence could attract varieties of applications in wavelength multiplexing in polarimetric sensor systems and compensation of polarization mode dispersion in broadband multi-channel optical communications.
